Genetically engineered Bt (Bacillus thuringiensis) corn provides farmers with a new tool for controlling the European corn borer (ECB). The high efficacy and potential rapid adoption of Bt corn has raised concerns that the ECB will develop resistance to Bt. The Environmental Protection Agency has responded to these concerns by requiring farmers to plant refuge corn. Current refuge requirements are based on models that do not consider the value of dynamically varying refuge in response to increased scarcity and diminished control over time or the importance of backstop technologies currently being developed. The purpose of this paper is to evaluate dynamically optimal refuge requirements with the arrival of alternative backstop technologies and to compare the results to an optimal static refuge policy. The results show that a dynamically optimal refuge requirement only provides modest benefits above a static optimum. The results also show how the type of backstop technology and characteristics of ECB population dynamics affect the optimal refuge requirement.
Introduction
Bt corn is corn that is genetically engineered to produce a protein found in the soil bacterium Bacillus thuringiensis (Bt). The protein is toxic when consumed by lepidopteran insects such as the European corn borer (ECB), a pest that is estimated to cost U.S. farmers over $1 billion annually in yield loss and control costs (Mason et al.) .
The high efficacy and full season control provided by Bt corn has resulted in its rapid adoption by farmers. Between 1996 and 2001, Bt corn acreage in the United States increased from less than 1 percent to over 20 percent (USDA-NASS). In 1999, for counties in Illinois, Iowa, Minnesota, North Dakota, and South Dakota, more than 50 percent of corn planted was Bt corn. 1 The rapid adoption of Bt corn raises concerns that the ECB will develop resistance to it. The Environmental Protection Agency (EPA) has responded to these concerns by requiring farmers to plant refuge corn (EPA 1998a) .
Refuges slow the proliferation of resistance by allowing susceptible pests to thrive and mate with resistant ones (EPA 1998a) .
Previous studies provide the rationale for the EPA's resistance management requirement. Pests are a detrimental renewable resource because they propagate and damage crops (Hueth and Regev; Regev, Gutierrez, and Feder; Regev, Shalit, and Gutierrez) . Pest susceptibility (the converse of resistance) is a valuable resource because susceptible pests are controllable (Hueth and Regev; Regev, Shalit, and Gutierrez) . The use of pesticides reduces the biological capital of susceptibility as it increases resistance through natural selection, thereby making pests less controllable in the future. The ECB is a mobile pest that farmers will treat as common property (Clark and Carlson) . Thus, farmers are unlikely to privately manage resistance.
Early literature characterized the dynamic optimal dose of pesticides for managing resistance. Recent literature explores the value of static refuges (e.g., Alstad and Andow 1995; Roush and Osmond; Gould; Onstad and Gould 1998a,b; Hurley et al. 1999 Hurley et al. , 2001 and Livingston, Carlson, and Fackler) . The purpose of this paper is to (i) extend the literature on resistance management using refuge to consider the type of dynamic optimum used to characterize pesticide dose, (ii) explore the sensitivity of a dynamic optimum to the population characteristics of the ECB, and (iii) consider the sensitivity of a dynamic optimum to the introduction of new technology that depends on the existing technology.
Varying pesticide dose is not feasible with Bt corn because the pesticide is in the plant. Still, it is possible to vary exposure to Bt by varying the size of refuge. Previous results suggest that varying refuge size in response to scarcity and diminishing control will more effectively manage resistance, but it is not clear how much a dynamic refuge improves resistance management when compared to the static refuges recently evaluated in the literature.
Commercialized varieties of Bt corn rely on one of three toxins. 2 Many new varieties under development rely on more than one toxin. Resistance is thought to evolve more slowly when pests must overcome multiple toxins. Therefore, the introduction of multiple toxins into Bt corn may make less refuge optimal; how much less depends on the characteristics of the new technology, and this has not been explored within a bioeconomic context.
Models of resistance management for Bt corn often find that ECB populations are
reduced substantially because of the high efficacy of Bt corn. Therefore, even when resistance develops, it may take years for populations to recover to economically important levels. Entomologists express concern with this type of result because they believe the ECB is more buoyant than predicted by models. The dynamics of the pest population biology, and in particular the recovery rate of the ECB after resistance occurs, affect agricultural productivity and resistance management benefits (see Hurley, Babcock, and Hellmich) .
The results show that varying refuge improves resistance management by accounting for increased scarcity and diminished control over time. These opposing effects make it optimal to require less refuge when Bt corn is first introduced, more refuge once the ECB is better controlled and resistance starts to emerge, and less refuge as the arrival of a new technology nears. The improvement offered by an optimal dynamic refuge is modest when compared to an optimal static refuge. The characteristics of the ECB population and new technology are the main determinants of the optimal resistance management strategy. If the backstop technology adds only a new toxin, and still incorporates the toxin used in the old technology, resistance management is more valuable than when two new toxins are introduced. Therefore, if the first-best policy is not to exhaust susceptibility before the new technology arrives, more refuge is optimal in the case of a backstop dependent on the old technology. If the ECB quickly recovers to economically important levels after resistance, refuge is a low-fixed-high-marginal cost input and is not typically optimal to exhaust susceptibility. Alternatively, if the ECB is slow to recover to economically important levels after resistance, refuge is a high-fixed-low-marginal cost input and is optimal to exhaust susceptibility.
Conceptual Model
Following Alstad and Andow 1995; Roush and Osmond; Gould; and Onstad and Gould (1998a,b) , we consider a simplified production region with a single crop and pest.
The region is closed to migration. While there is a single crop, there are two different varieties. The first is a toxic Bt variety. The second is a non-toxic refuge variety. The proportion of the refuge planted in season t is denoted by 1 ≥ φ t ≥ 0. The proportion of resistant pests in season t is 1 ≥ R t ≥ 0 and the number of pests is N t ≥ 0. The variable Π t is the value of agricultural production, which determines the value of pests and pest susceptibility in season t, while Ω T is the salvage value of pests and pest susceptibility for all t ≥ T, the season when a new technology is introduced.
The proportion of refuge and resistant pests determines how many susceptible pests are available to mate with resistant pests. The change in resistance from one season to the next is 1 (,)
Equation (1) assumes that the size of the pest population does not affect the evolution of resistance, which is common for biological models of resistance management. With more refuge, fewer pests are exposed to Bt. This slows down the evolution of resistance so that 
Planting more refuge decreases exposure to Bt, and it increases the rate of survival of the pests, so that n φ is positive. Pest populations may increase or decrease over time depending on whether the population is below or above carrying capacity. However, when pests are actively managed, as in agricultural systems, populations are maintained below carrying capacity, and N n is positive. Increasing resistance decreases the effectiveness of Bt; therefore, R n is positive.
We assume the value of pests and pest susceptibility is determined exclusively by the value of agricultural production:
Because pest control for the Bt variety is better than for the refuge variety, increasing the proportion of refuge tends to decrease production, 0 φ π < , by decreasing the amount of crop protected. Increasing pests increases yield loss, which will also decrease production, 0 N π < . Increasing resistance increases survival rates and reduces control, which will decrease production, 0
We assume the salvage value of pests and resistance is determined by the value of agricultural production in the seasons following T -1:
More pests will reduce future production such that the salvage value will be decreasing in the size of the pest population, 0 
subject to 1 ≥ φ t ≥ 0 and equations (1) and (2) 
and
To understand the factors determining the optimal refuge, it is useful to first evaluate shadow values of pests and resistance. Combining equations (8) and (12) recursively yields the shadow value of pests:
Assuming 0, tt N ∂Π∂< (9) and (13) recursively yields the shadow value of resistance: These results are intuitively appealing as pests and resistance serve to reduce production.
The marginal condition in equation (7) 
The left-hand side of equation (16) reflects the marginal cost of increasing refuge.
The first expression represents direct cost; the second represents indirect cost. The direct cost of increasing refuge is a decrease in current production because less of the crop is protected. The indirect cost represents the reduction in future production. Increasing refuge increases pest survival, which means there will be more pests to contend with in the future. Equation (14) details the negative impact of increasing pest survival today on future production, that is, the shadow value of the pest population at each point in time.
The right-hand side of equation (16) captures the marginal benefit of increasing refuge. Increasing refuge decreases resistance. Equation (15) shows that there are two components to this indirect benefit. First, decreasing resistance improves control, reducing crop losses and increasing production:
Second, improved control has the cascading effect of lowering future pest pressure further, reducing crop loss and increasing production:
The optimal proportion of refuge in season t equates the marginal direct and indirect costs of having less of the crop protected by Bt to the indirect benefit of improved control in the future for the protected crop. Analytically characterizing the optimal dynamic path is difficult. From equations (14) and (15), the time paths of the co-state variables are
and ( )
which are ambiguous. However, if we abstract from the effect of the backstop and assume the new technology is independent of the existing technology for simplicity, the change in the current shadow value of pests and resistance over time is positive at the optimum, which means the absolute value of pests and resistance is decreasing. If the absolute shadow value of pests decreases over time, all else equal, the marginal cost of increasing refuge in equation (16) falls, suggesting that more refuge is optimal. On the other hand, if the absolute shadow value of resistance decreases over time, all else equal, the marginal benefit of increasing refuge in equation (16) falls, suggesting that less refuge is optimal. Due to these opposing effects, it is not possible to analytically characterize the optimal time path for refuge without more restrictive assumptions on the evolution of pests and resistance even without including the impact of the backstop technology.
An Application
Even with a rather parsimonious model, it is not possible to characterize analytically the optimal path of refuge because increasing refuge leaves more of the crop unprotected and increases future pest pressure, but it also slows resistance, improving future control on protected crop and decreasing future pest pressure. Ultimately, the question of which of these effects dominates is an empirical one. We explore this question by evaluating the optimal path of refuge for a typical continuous corn region in the North Central United
States assuming Bt corn is planted to control the ECB.
The ECB is a mobile diploid 6 pest whose reproduction produces as many as four generations a season. Southern, warmer climates experience three to four generations, while more temperate northern climates face one to two generations. A bivoltine (twogeneration) population is typical for most of the North Central United States. (Mason et al.) .
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The development of resistance is a function of natural selection caused by the use of Bt. Bt corn currently uses a single toxin. Resistance to this toxin is assumed to be conferred by a single allele that is not sex linked. Thus, an allele can be either resistant (r) or susceptible (s). Each parent contributes an allele, so the offspring's gene, the combination of alleles contributed by its parents, will be determined as shown in Table 1 .
The frequency with which parents are homozygote resistant (rr), heterozygote (rs), or homozygote susceptible (ss) determines the probabilities of the offspring's genotype. Bt corn produces a high dose of toxin and is believed to kill all the ss and almost all the rs pests throughout the season. The evolution of resistance depends on the initial frequency of resistant alleles and on the genotypic survival rates, which in turn depend on whether the crop is Bt or refuge.
The backstop technology we model uses two toxins and therefore affects two genes, a and b. We discuss two possible scenarios. In the first, one of the toxins is the original toxin. In the second, two new toxins are introduced. This allows us to quantify the effect of a positive value of susceptibility to the original toxin in the salvage function. We To capture the change in ECB from one generation to the next, we adopt the modified logistic growth model,
used by Hurley, Babcock, and Hellmich, where β 0g , β 1g , and β 2g are parameters to estimate, ρ g is the survival rate of the ECB in generation g, and N g is the number of pests therefore, the modified growth function is used to test the sensitivity of results to the degree of pest suppression.
We define the current value of agricultural production between period T 1 and T 2 as the average annualized net revenues per acre for Bt and refuge corn: Thus, the value function reflects the annualized present value of production between the initial season and season T -1. The salvage value reflects the value of a stream of income equal to the annualized value of the new technology for T' -T years when an optimal static refuge is used to manage resistance. Our salvage value assumes a new technology arrives every T' -T season to restore the efficacy of pest control as resistance develops to the current pest control technology. We use an optimal static refuge to calculate the salvage value of the new technology to reduce the computational burden of solving the model and because our results suggest that an optimal static refuge provides a good approximation to the optimal dynamic refuge.
Having parametrically specified the evolution of resistance, the ECB population dynamics, the value function, and the salvage function, we now choose benchmark parameters. Table 2 presents the benchmark configuration for all but the population dynamics. (Calvin) implies that the pest-free yield is 130 bushels per acre. Excluding returns to management, the average production cost, $185, comes from 1995 ERS corn budgets deflated to 1992 prices. The interest rate used for discounting is 4 percent.
The pest-free yield and production cost of Bt corn is the same as refuge. We are unaware of studies showing a significant difference in Bt and conventional corn yields in the absence of the ECB. While farmers typically pay a $7 to $10 per acre technology fee for Bt seed, this premium does not reflect an increase in the marginal cost of growing Bt corn from a social perspective. Once Bt is introduced into corn, the cost of producing Bt and conventional corn seed stock is essentially identical. Given that research and development costs for Bt corn are sunk, the technology fee reflects an economic rent for using Bt technology.
Hurley, Babcock, and Hellmich consider two specifications for the population model and find very different results. We explore the same two specifications. The first assumes that population growth follows a logistic curve with no intercept: β 0g = 0. In this case, in the absence of pest resistance, eradication is possible. When pest resistance develops, heavy ECB suppression results instead of eradication. The second specification estimates a positive intercept for the growth curve: β 0g > 0. Therefore, eradication is not possible even with susceptible pests, while when resistance has developed, ECB suppression is light. The biological difference between heavy and light suppression is the amount of time it takes low ECB populations to return to carrying capacity. This amount of time is longer with heavy suppression.
Hurley, Babcock, and Hellmich estimate different parameters for first-and secondgeneration ECB using data reported in Calvin. These parameter estimates are given in Table 3 . The calibration factors that are also reported assure that the steady-state ECB population is comparable across specifications when no pest control is used.
The constant marginal damage rates for first-and second-generation ECBs, 0.055 and 0.028, are taken from Ostlie, Hutchison, and Hellmich. Combined with the equilibrium populations, the implied average annual yield loss is 5.3 percent, which is 20 percent lower than the 6.4 percent reported in Calvin.
The final parameter to specify is the length of the planning horizon for assessing the benefits and costs of resistance management. A fifteen-year planning horizon is used to conform to the 1998 EPA scientific advisory and International Life Sciences and Health and Environmental Sciences Institute (ILSI/HESI) panel reports (EPA 1998b;
ILSI/HESI).
The model is implemented in C++ and solved using numerical optimization routines adopted from Press et al. It is important to note that the biological processes used to characterize resistance do not guarantee the satisfaction of second-order sufficiency conditions for a global optimum. Therefore, there is no guarantee that a numerical solution is globally optimal. Assuring a global optimum is computationally infeasible, so we use a range of starting values with the optimization routine to increase the robustness of the results.
Results
An analytical characterization of the optimal dynamic path for refuge is generally not possible. Increasing refuge has both a negative and positive impact. The negative impact is a reduction in current production and increased ECB pressure in the future. The positive impact is the preservation of ECB susceptibility that affords better control and reduced ECB pressure in the future. Adding more structure and solving the model with parameter values found in the literature allows us to explore which of these countervailing effects tends to dominate and when.
Our results focus on four scenarios. We consider two alternative population models.
The first assumes that ECB suppression is light, while the second assumes that suppression is heavy. We also consider two distinct salvage functions. The first assumes that resistance to the new technology is independent of the current technology because two novel toxins replace the existing toxin and there is no cross-resistance. The second assumes that resistance to the new technology is dependent on the current technology because the original toxin is supplemented with a novel toxin. It is important to note that while resistance to the new technology will be either dependent or independent, the value of the new technology always depends on the old one, as the number of ECBs when the new technology arrives depends on how the old technology is used. Combining the alternative population models with the alternative salvage functions yields the four scenarios.
Before interpreting the results, it is useful to summarize the optimal dynamic path for refuge, resistance, and ECB for each scenario, while highlighting important similarities and differences. Figure 1 reports the optimal dynamic refuge. The first interesting result is the consistent pattern for all scenarios. In the initial period, the optimal refuge is relatively low. It increases sharply in the second period, before a series of more moderate increases. Eventually, the optimal refuge begins to decrease, typically at an increasing rate. While this pattern is similar for all scenarios, there are notable differences. The
FIGURE 1. Optimal dynamic refuge
pattern is more exaggerated with heavy suppression. With heavy suppression, the optimal refuge does not depend on whether the new technology is independent or dependent.
When suppression is light, on the other hand, it is optimal to have more refuge if the new technology is dependent. This difference becomes more pronounced as the introduction of the new technology nears. Figure 2 illustrates how the characteristics of the optimal time path for resistance differ substantially depending on whether suppression is light or heavy. When suppression is light, the optimal resistance for the original toxin increases at an increasing rate. The rate of increase is faster when resistance to the new technology is independent.
But even when the new technology is independent, it is not optimal to fully exhaust susceptibility. On the other hand, when suppression is heavy, the optimal evolution of resistance is sigmoidal. Initially, resistance increases at an increasing rate. Later, it increases at a decreasing rate until susceptibility is fully exhausted. With heavy FIGURE 2. Optimal dynamic resistance suppression, the evolution of resistance is not affected by whether resistance to the new technology is dependent or independent.
As with the optimal dynamic refuge, the optimal dynamic ECB population ( Figure   3 ) for each scenario follows a similar pattern. The population rapidly declines in the first two periods. It then levels off and begins to increase. The increase is more pronounced as the introduction of the new technology nears. Despite these similarities, there are several notable differences. First, populations are substantially lower (by two to three orders of magnitude) with heavy suppression. Also, with heavy suppression, it takes longer for the population to recover, and the type of new technology does not matter. When suppression is light, the population immediately begins to recover and the Equation (16) provides the intuition for understanding the general pattern of the optimal dynamic refuge in Figure 1 . Increasing refuge reduces the current value of production and tends to increase pest pressure in the future, but it also increases susceptibility, which allows for better control and reduces future pest pressure. Because the starting value for ECB is the carrying capacity, the initial level of ECB pressure is high and the marginal cost of refuge in terms of reduced yield is high relative to the marginal benefit of managing resistance. Figure 3 shows that the initial emphasis on control reduces the ECB population substantially. Once there are few pests left to control, the marginal cost of refuge decreases relative to the marginal benefit of managing resistance, and more refuge is optimal. As the pest population begins to recover, the marginal cost of refuge increases once again. Additionally, as the arrival of the new technology nears, the value of susceptibility diminishes, particularly when the new technology is independent. With the marginal cost of refuge increasing and the marginal benefit of refuge declining, less refuge is again optimal.
Resistance management has different characteristics according to the resilience of the pest population. Susceptibility is more valuable with light than with heavy suppression. Figure 4 illustrates why by showing how fast the pest population recovers to carrying capacity after a reduction by four orders of magnitude. It takes three years for the population to exceed one ECB per plant and seven years to return to carrying capacity with light suppression. With heavy suppression, it takes fourteen years to exceed one ECB per plant and twenty years to return to carrying capacity. Therefore, with light FIGURE 4. Comparison of the recovery rate of pests for light and heavy suppression models suppression, economically important levels of pest population can return in just three years after the evolution of resistance, while it takes over ten years with heavy suppression.
Hurley, Babcock, and Hellmich argue that when suppression is heavy, refuge is a high-fixed-low-marginal cost input. The situation is reversed when suppression is light:
refuge is a low-fixed-high-marginal cost input. Therefore, when suppression is heavy, it is optimal to do no resistance management or to carry out intensive resistance management depending on whether there are a large number of ECBs to control. When suppression is light, the best strategy is to do some resistance management all of the time, but not as much as when suppression is heavy because there will always be more ECBs to control and a higher marginal cost. The results in Figure 1 are described well by this argument. Figure 2 shows it is optimal to exhaust susceptibility with heavy suppression, even when the new technology is dependent. 9 When suppression is heavy, the dependence of the new technology on the current toxin does not matter because it is not optimal to maintain susceptibility until the new technology arrives. Since the ECB can be brought to near extinction, it is optimal to do so by exhausting susceptibility regardless of the characteristics of the backstop.
Conversely, it is not optimal to fully exhaust susceptibility when suppression is light, even if the technology is independent. 10 This result is justified by the biological constraints on exhaustion and the fact that the value of susceptibility is linked inextricably to controlling the ECB. Because of the biological processes governing the evolution of resistance, planting no refuge right before the introduction of the new technology does not necessarily exhaust susceptibility. To fully exhaust susceptibility, less refuge must be planted over a period of time. Planting less refuge over time imposes an implicit cost because resistance evolves sooner, thereby increasing pest pressure and reducing the value of production. When the cost of resistance is high, it is not optimal to fully exhaust susceptibility by planting less refuge over time. This extraction cost is higher when there are multiple generations of a pest in a season because any resistance that develops during the first generation reduces control in subsequent generations, and it is not possible to offset increased resistance by adjusting refuge during the season.
Therefore, it is optimal to plant refuge even in the season before the introduction of a new technology. Sensitivity analysis shows that with a single generation of pests per season, it
is not optimal to plant refuge in the season before the introduction of an independent new technology, but it still may not be optimal to exhaust susceptibility because of the implicit extraction cost.
11 Figure 1 shows that over time, the proportion of refuge that maximizes the long-run value of production changes in response to changes in the value of susceptibility and ECB control. Therefore, holding the proportion of refuge static over time will reduce the value of production. To understand the cost of using a second-best static refuge for resistance management, Table 4 reports the annualized net present value of production for the optimal dynamic refuge, optimal static refuge, and for the case where Bt corn is never introduced. It also reports the optimal size of a static refuge. Table 4 shows that the annualized value of Bt corn in all our scenarios is about $7.00 an acre, which represent just over a 6 percent increase in the value of production. What is more interesting is the difference in the value of production between the optimal dynamic and static refuge for all four scenarios. With light suppression, the dynamic refuge increases the annualized value of production by about $0.01 an acre when compared to the optimal static refuge regardless of whether the new technology is dependent or independent. This difference represents less than 0.1 percent of the value of production and less than 0.25 percent of the value of Bt corn. With heavy suppression, the difference is essentially zero. The results of our analysis show that varying refuge does improve the benefits of resistance management by accounting for the increased scarcity and diminished control as resistance develops. These opposing effects make it optimal to require less refuge when Bt corn is first introduced, more refuge once pests are better controlled and resistance starts to emerge, and less refuge as the introduction of a new technology nears.
However, the improvement offered by optimally varying refuge is modest when compared to an optimal static refuge.
The population dynamics of the ECB are an important determinant of the optimal refuge. If the ECB population recovers rapidly once resistance emerges, refuge is a lowfixed-high-marginal cost input. Some resistance management will always be optimal, but too much will not provide adequate pest control. If the ECB population recovers slowly once resistance emerges, refuge is a high-fixed-low-marginal cost input. No resistance management will be optimal when there is a high pest population to control.
Alternatively, intensive resistance management is optimal when there are few ECBs to control.
We find that the affect of introducing a new technology on the optimal refuge depends on the population dynamics of the ECB. If the ECB recovers slowly, it is optimal to fully exhaust pest susceptibility regardless of the type of new technology being introduced. If the ECB recovers rapidly, the type of technology introduced impacts the optimal refuge. If the new technology depends on susceptibility to the old, relatively more refuge should be planted over time. When the ECB is buoyant, it is not typically optimal to exhaust susceptibility regardless of the backstop, because the evolution of resistance is biologically constrained and the value of susceptibility is linked inextricably to the value of pest control. These two factors impose an implicit extraction cost that tends to exceed the value of exhaustion.
The results of this analysis have policy and research implications. Recent survey data suggests farmers have been confused by the changes in refuge recommendations that took place before the EPA mandated resistance management for Bt corn in 2000. 12 This data indicates that there is an implicit cost associated with varying the size of refuge that could be avoided with a static policy. In light of these potential costs and the modest increase in the value of agricultural production provided by optimally varying refuge in response to scarcity and diminished control, a static policy that avoids these costs may be preferable.
Understanding the population dynamics of the ECB is important for resistance management, yet we are unaware of research currently underway to fill this gap in knowledge. Given the lack of information on the dynamics of ECB populations and other important parameters (e.g., the initial resistance frequency and the dominance of resistance), if new information reveals that current assumptions are unfounded, adjustments to refuge in response to this new information could be valuable. How and when refuge requirements should adjust to new information is an important question for future research.
The optimal dynamic refuge we explore assumes there is perfect control of the amount of refuge planted, but this is not the case. The EPA mandates refuge requirements, and growers choose whether or not to meet or exceed those requirements. Our model focuses on optimizing agricultural productivity, while ignoring conventional pesticides. In the region we model, conventional pesticides are seldom used because of high cost and poor efficacy. There are, however, regions where conventional pesticides are more important. In these regions, the EPA is also concerned about reducing the use of these pesticides because it believes they are more hazardous to the environment and to human health. Therefore, a useful extension of the model could include an evaluation of conventional pesticides and the objective of reducing their use.
